A hemB mutant of Escherichia coli was used to clone the gene encoding 5-aminolevulinic acid dehydratase from Rhodobacter sphaeroides after physiological complementation of the mutation. A 2.9-kb DNA fragment was obtained and cloned in both orientations into the unique PstI restriction site of pUCl9. This recombinant plasmid encodes a protein (Mr 39,000) that is immunoreactive with antibodies raised against the enzyme from higher plants. 5 -Aminolevulinic acid dehydratase (5-ALAD; porphobilinogen synthase, EC 4.2.1.24) is the first enzyme shared by all living organisms in the path of tetrapyrrole biosynthesis (7) . It condenses two 5-aminolevulinate molecules into the monopyrrole porphobilinogen. The 5-ALAD gene has been cloned from Escherichia coli (6, 11) , Saccharomyces cerevisiae (15) , rats (5) , and humans (24) by using either the physiological complementation of an induced deficiency in bacteria and S. cerevisiae or the cDNA procedure after mRNA preparation from eukaryotic cells. The enzyme has also been studied in bacteria (16) , animals (4), humans (1), and plants (3, 12) . For all the enzymatic species studied so far, sulfhydryl groups are essential for activity (2, 4) . However, the requirement for ions seems to be dependent on the phylum and could point to differences. For example, the presence of Zn2+ in in vitro experiments is essential for the activity of 5-ALAD extracted from animals (22) or humans (1) but is not a prerequisite for its enzymatic detection in higher plants (20) . Furthermore, it should be composed of eight subunits of 31 to 35 kDa in animals and some bacteria such as E. coli (1, 6, 11) but 39 to 40 kDa for the enzyme from higher plants (9, 10, 12) and from the purple nonsulfur bacterium Rhodobacter sphaeroides (23) .
Previous work from Schneider and Liedgens (19) reported the use of monoclonal antibodies raised against 5-ALAD from spinach leaves for the investigation of some evolutionary relationships among various phyla. Their results showed an antigenic relatedness between the enzyme present in higher plants and that in the purple nonsulfur bacterium R. sphaeroides, whereas the enzyme from animals or E. coli was not cross-reactive. We have raised polyclonal antibodies against 5-ALAD from radish (9) and have observed the reported antigenic reactivities between higher plants and bacteria. This antibody was used as an aid for the screening of a genomic library of R. sphaeroides DNA cloned into a heme-deficient mutant of E. coli K-12, whose selection was described earlier (18) .
E. coli hemB SHSP3 (provided by B. Bachmann; CGSC 4877) grows poorly on LB medium as a consequence of a respiratory deficiency due to a mutation affecting 5-ALAD expression (deletion between the loci lacY and proC). It represents approximately 1 min on the E. coli chromosome * Corresponding author. (13) . The growth cannot be stimulated either by the addition of 5-aminolevulinic acid or by porphobilinogen and hemin, as they do not pass through membranes (13) . Growth of the bacteria was studied, and generation time was estimated to be 90 to 100 min. Competence of the cells was obtained after CaCl2 treatment of bacteria collected in mid-exponential phase (21) . Transformation rates were estimated by the method of Hanahan (8), except for the recovery period, which was 150 min after heat shock. The rates are low (105 CFU ml-' ,ug of DNA), which confirms observations reported during cloning of the hemD gene (17) .
Chromosomal DNA (1 ,ug) from R. sphaeroides 2.4.1 (a gift from Samuel Kaplan, Houston, Tex.) was partially digested by the endonuclease Sau3A (0.5 U, 5 min, 30°C) and ligated into pUC9 digested with BamHI. A plasmid was used since E. coli SHSP3 is resistant to the infection by X phages. After ligation and transformation, bacteria were plated on LB containing ampicillin (50 ,ug ml-'). After a 24-h incubation at 37°C, three different colonies were observed. Small, poorly growing, white colonies represented transformants containing foreign DNA which are probably unable to complement the respiratory deficiency. Two types of colonies, large white and reddish brown, grew rapidly. Both colonies were also observed during the genetic analysis of hemin-requiring mutants of E. coli (13) . These bacteria were assumed to contain in their plasmid DNA some gene(s) complementing the deficiency. Twenty-five colonies of both types were randomly collected and analyzed. Study of the colonies showed a generation time of the same order as positive controls (E. coli JM103). The colonies have overcome their heme deficiency, since some catalase activity (EC 1.11.6.) is detected (on the basis of bubbling in the presence of 0.9% NaCl and 3% H202) whereas this activity is absent from the mutant strain and recombinant small bacteria as well (Table 1) .
Plasmids were purified on CsCl and used to transform E. coli SHSP3. pDB1, isolated from the white colonies, restored rapid growth and catalase activity in SHSP3, whereas DNA isolated from reddish-brown colonies did not. A physical map of pDB1 was established by using double digestions and subsequent agarose gel electrophoresis (Fig. la) . Plasmid pDB1 is 5.3 kb, but the specific single-cloning sites present in the original pUC9 were not observed. Figure 2a shows the result of a Southern hybridization of pDB1 by nick-translated pUC9 as a probe. Two and three restriction fragments are generated after digestion by ClaI and PstI. DNA hybridization is observed on a 2.4-kb fragment after PstI digestion and on a 1.6-kb fragment after digestion with ClaI. A recombination process was assumed to take place during the original transformation of SHSP3 and could explain the alteration of the pUC vector observed in pDBl. Since this plasmid can restore catalase activity in SHSP3, it presumedly contains the gene encoding 5-ALAD, even though it is cloned into a shortened vector (1.6 kb at most, instead of 2.7 kb [ Fig. 1 and 2a] ). Subcloning of pDB1 in pUC19 was performed after digestion with PstI, which generates two DNA fragments of 2.9 and 2.4 kb ( Fig. 1 and 2a ). E. coli hemB+ JM103 was used as the recipient strain. This strain prevents DNA recombination but is not a respiratory mutant. It contains endogeneous 5-ALAD activity, and it is impossible to detect any additional enzymatic activity from the plasmid pDB1. Recombinant plasmids obtained after the PstI digestion of pDB1 and purified from this strain were used to transform SHSP3 in order to verify the possible complementation of the mutation (on the basis of catalase activity). pDB12, containing the 2.9-kb fragment of pDB1, restored this activity in SHSP3, and its physical map was then established (Fig. 1) . pDBll was also obtained. It is composed of the same foreign DNA as pDB12 but is cloned in the opposite direction. When pDB11 is used to transform SHSP3, the physiological deficiency is maintained and no catalase activity is observed ( Table 1 ). The expression of encoded protein from pDB12 is under the control of the lacZ promoter of the vector, as isopropyl-,-D-thiogalactopyranoside (IPTG) added to cultures induces a twofold increase in specific activity for JM103 containing this plasmid (Table 1) .
5-ALAD activity was measured by previously described procedures (3) after bacterial membrane permeabilization with Triton X-100 (14) . The enzymatic activity is observed in all strains containing catalase activity ( Table 1) . As discussed above, the immunological properties of 5-ALAD from plants and R. sphaeroides should be different from those purified from animals or E. coli. During our work, we have checked for the presence of immunoreactive 5-ALAD subunits in transformed bacteria by using our polyclonal antibodies in Western immunoblotting of sodium dodecyl sulfate (SDS)-prepared proteins. An immunologically reactive protein band with an Mr of 39,000 is observed after electrophoresis of extracts prepared from clones containing pDB12 (SHSP3 and JM103) and from R. sphaeroides (Fig.  3) . No protein band is observed after blotting of extracts from JM103 containing pDB11 or from untransformed SHSP3 (data not shown). It was reported previously that native 5-ALAD from R. sphaeroides is 240 kDa (23) . This was confirmed by using gel filtration experiments (Aca 22, IBF Ultrogel), as the activity elutes with the molecular weight marker catalase (data not shown). The size estimation of the SDS-treated protein suggested that, in this bacterium, 5-ALAD is composed of only six subunits, thus differing in quaternary structure from those observed in higher plants and animals as well.
In order to demonstrate further that the origin of the cloned DNA fragment was R. sphaeroides, nick-translated recombinant plasmid pDB12 was probed against digested bacterial DNA (Fig. 2b) 
